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NUCLEAR PULSE EFFECTS IN CABLES
Kurt Ikrath and Randolph Constantine

DA TASK NR. 3A99-22 -003-02

ABSTRACT

An eguivalent circuit for a plece of cable is develop-
ed and the differential equations of this cirecuilt are
solved under the conditions of a transient burst of nuclear
rafiation and under various ranges of cable bias voltage.
Graphs of representative cases are presented and compared
to experimental results. A method of solving for the
transient change in cable parameters is given and sample
calculgtions are shown.
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NUCLEAR PULSE EFFECT3 IN CABLES
INTRODUCTION

The effects of nuclear radiation upon electronic systems and
components have been a subject of growing interest. The early investi-
gators found two basic types of phenomena, each posing a separate
problem? the permanent and the transient damage. Studies of the trans-
lent effects of @ burst, or pulse of radlation,upon an electronic
component have revealed many effects’ not yet fully understood.

Transmission lines, especially coaxial cables, have z unique
role in the investigation of such transient radiation effects. These
lines form the link of the components being irradiated to the remcte
measuring and recording apparatus. Hence, thesa cables are partially
frradiaded. and dbhgy cbeorvsd e7fvlnle upein Lt LOBPOLIENLS Degoe & Com=
posite of componeni and cable effectss These effects must be isolated
from each other either by compensating circuitry in the test network,
or by analysis. The investigator must have an exact knowledge of the
behavior of cable parameters, i.2., apeeific conductance; ¢apacitance,
inductance, and resistance as a function of the type of nuclear radia-
tion, the time~intensity shape, and the distance intensity distribution
of the radiation.

Experimental observations, compared with the data deduced from
a theoretical model which is capable of giving an accurate description
of the radiation phenomena in terms of electrical circuit parameters,
will vield the knowledge required to separate the component effects from
the cable effects. Conclusions may be drawn from the behavior of these
parameters concerning the material chanaes affected by the nuclear
irradiation. Such a theoretical model for transient nuclear radiation
effects in cables is given here. This model is capable of resolving
the observed voltage or current transient into the corresponding elec-~
trical cable parameters.

RISCUSSICON
A. | bp A !mngd_! Ej Ig“' 1 Agz'rgash

The theoretical model is derived from network theory. When this
theory is applied to transients in electrical networks or cables, it is
normally assumed that an electrical pulse (a step function or a square
wave, etc.) is applied to one end of the network. The current at the
other end of the cable or network can then be calculated with good
precision,

When networks are exposed to nuclear-radiation pulses, the
conditions are slightly different. It can be assumed with good reason
that the nuclear pulse creates an electrical pulse in the target,
However, the nuclear irradiation does not apply to a differentisal
small section of the network or cable, but is effective over several



feet of the cable. Thus, a multitude of electrical transients is
created. Each differential element of the exposed length of the cable
creates its specific electrical transient. These transients are not
equal. They will differ in signal shape and meynitude for each specific
geometry of exposure. Further, each single differential electrical
pulse is transmitted over the cable in accordance with the rules of net-
work theory, 1i.e., the pulse is reflected from non-matching sections
of the circuit (such as open ends) and iz transferred into damped
oscillations because of the circuit parameters, These parameters
change during irradiation. All the initial pulses and the reflected
pulses mre composed into a resultant signal at the end of the cable,
Their relative phases, attenuation, and travel times have to be con-
sidered. In the most general case, the differential pulses per unit
length of the cable are not the same for the ilifferent positions of ex-
posed cections within the field of the nuclear-rulse source. Tharefors,
T ocERNCY captol Gl ieeuieany sSigndi to e directly nroportional to

the distance from the nuclear scuree,

A mathematically tractable case has been chosen to prove the
overall cencept. This rese corresponds 1o an experimental seiup arraeng-
ed so that the exposed section of the cable simultaneously receives a
uniform irradiation. The length of this section is kept electrically
short relative to the shortest transient wavelength creasted in the
cable, Under this sssumption the exposed cable cenr be represented by

e coexial capacitor. Ve call this cese "the lumpsdecircuit approach.?

The nuclear-radiation burst chanzes the effective conductance and
the electric vroperties of this caracitor in a transisnt fashion. It
rodueces a spatial distribution of electric chearges betwsen the conduc-
tors of the exposed section of the cable. These charges manifest thenm-
selves in the form of en induced trensient IIF between inner and outer
conductor.,*

Tne bizs weollage 15 aler setfns in s:rizs wiih theo indueced Z5,
This bias is applied to the cable e’tier in a sense of oprosite or equal
sign with resrect to the inducec 7 rulse, In this case,"the lumped

eircuit%vas chosen for the firs* approech of the preblem because the
mathematical treatment is facilitated by the assumption of uniform
radiation and the svailehili<- of zprerimculel data.? This corresponds
precisely to the assurptions that were made. In these experiments, the
electrically opem-ended,coiled~up portion of the ceble constitutes a
"coaxial capacitor.® An electricel charge is supplied to the capacitor
by & tattery of voltege V, +thich is connected to the inner and outer
conductors of the cable through a series resistance of magnitude R,
equal to the characteristic impedance Zo of the otherwise loss-less
cable. Additional charge is introduced ty incident nuclear particles
whlch are carried by the radiation pulse into the caracitor, or are
created by the nuclear interaction within the catle materials which
results in ionization.

* We assume that the outer conductor is grounded and therefore neglects
the effect of a possible unsymmetric EMF between ground and either one
of the conductors.



B. Theoretical Model

The conversion of the radiation energy is deseribed by a change
in the capacitive and conductive yroperties of the matarials in the
coaxial capacitor, and by a charging of the capacitor with a corres-
ponding formation of an impressed electromotive force 2(t) upon it.
That is, the irradiated portion of the cable becomes a transient battery
of which the EMF and the internal impedance are both controlled by the
rediation burst.

C. Validetion of Approach

The validity of the "lumped-circuit"approach is based uvon the
Sulluwing: L) tne time of wave vropagation through the coiled-up
portion of the cable is very short as compared to the duration of the
radiation burst, i.e.. the electrical length of the coiled-up cable is
short as compared to the shortest wave-length in the transient spectrum
which results from the burst; 2) the coiled-up portion of the ceble 1s
so compact that each irncremental length is subject to the same dose-rate;
3) the experimentel layout is such that the remeining straight cable
is practically unaffected by the pulse of radiation.

D. Assumptions Required for Derivation

For mathematical tractability, a direct proportionality is assumed
to exist vetween the radiation-burst shape and the transient varameters.
This assumption does not raduce the generality of the spproach since
nothing is assumed about the nuclear. atomic. or molecular mechanism of
the transient damage. The burst shape is teken as it is resolved by the
detect:on instruments.*® Ii shall be vrovortional to the following
transient parameters: dynamic capacitance, dvnamic conductance. and
induced EXF., The dynamic ~apacilance may be either positive or negative.
since there is a Dossibility of either an increase or decrease in total
capacitance under radiaticn., The dynamic conductance is always assumed
to be positive: and the induced EMF may be either positive or negati-e.
relative to the bias voltage V and/or relative to the dynamic capaci-

tance

The shape of the radiation pulse is acsumed to be:

Pn(t) - e-n [-&; + (ut)aj

¥ Ve will see later that the open-ended cable as such can te used as a
radiation detector; in this respect see also (1).
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where n and a are certain constant form factors. Although the actual
shape of the pulse is unknown, this deduction can be made on the basis
that pulse-reactor processes are relaxation processes ¢riggered by fis-
slon, and governed by the diffusion differential equation. Tne steep

rise of a relaxation transient is described* by the texrm e ¥ while

-n{at)?

the decay, described by e s1s typical of diffusion processes.

Burst created charge~density distribution in the space between the
inner and cuter conductors, may produze an effective increase in the
original (static geometric) capacitance. This effect is analogous to
the increase in capacitance of electron tubes from a ¢vld state to the
hot state. However, the transitory charne-density distributions may
also produce an effartive negative mdumamis sapgcitancs Jepundens wpon
the mobility distribution of the charge ¢arriers and upon the polarity
and magnitude of the blas voltage V.

E. Justification for the Assumotion

It will be shown that the assumption is justified by the high degree
of agreement between the theoretical and experimental voltage and current
responses, and by the fact that: 1) a change in the material parameters
i{s a change in the effective dielectric constant of the cable insulation,
which, with the influenced charges produces a change in the capacitance;
2) the liberation of charged particles from nuclear bonds (ionization)
leads to an increase in the conductivity of the material in question; and
3) the induced EMF stands for the influence of these charges on the inner
and outer conductors of the cables

F. Mathematical Formulation

The equivalent circuit resulting from the lumpedecircuit formulation
is shown in Figure 1, where the circuit to the left is considered as the
only portion subjected tc irradiation. The circuit parameters appearing
in the diagram will have the following definitions:

e(t) = C_ +Cy(t) Capacitance

SO Conductance of the Insulation
e(t? Nuclear EMF

v Bias Battery Voltage

Z =R Characteristic impedance of cable
© termination resistance

1(t) Total current

t Time

uc(t) Voltage on C(t)

qc(t) Charge on C(t)

= 0
*More generally one may use e \&L) where k 15 another form factor (In
a strict solution of the differential equation k = 4).
4



Observe that Cy(t), which is the dynamic capacitance of the cable, may
te either positi—e or necative;whereas Cpythe oriziral static cepac!-
tance, is positite, ;(t) is positire. and e(t) mey Te elther rositive
or negelie. relavive 10 the volarity of V and/or to g(t).

The folloving enaliytical conditions are true:

(0 = S8 =) o) + uclt) & (1)
ig(t) = ug 9(t) : (2)
1(t) = 1 (¢) +ig(t) (3)
uc(t) = V+et) - Ri(t). (4)

Jol ing these eguetions simultaneocusly for if(t), we obtain

[Rc(t)] g% = i [1 + Rg(t) +R g%} + [ e(t) +V ] [g(t) + S% ]

- clt) §8- (5)
In accorgence with the assumptions as <cutlined in section D, the burst
staye P(%) is introduced:
q -n [E% + (atYﬂ
P(t) = e
n
g(t) = gm P(t)
n
elt) = e F {1) (3)
n
ety = c P(t).

The radiation turst functions T are plotted in Figure 2 for n= 1, 2,3;
x = at is normelized time. For ccmparison. an experimental
rediation turst curve. obtained tv I,3.1Ge% is shovm in Figure 3 in
nornelized form, in order to give coincidence of lhe peaks and starting
roint at x = O.

¥ Zdgerton. Germeshausen, and Grier



The theoreticel peak of P(x) nhes a velue of

[pn(x)]mx = [0.151]" at x=xy= Y05 20.8

where

€& - i.0. %-2;:)’-’0'

The width of the radiation pulse at half the puise height,
designated es half-height width. is denoted by Tp end is related with
greychical accuraecy to a | ahid

T=w TéM T=M‘
1 a 2 a 3 a

(7*)

G. lMathemsticel Discussion of Eauation (5)

(a) Cirouit time constent smeller than redigtion pulse duration.

Severel specializetions of equation (5) have important physical
significance. These are expressed &5 limiting ceses of the circuit
peremeters in the following development..

The méthemeticel condition R+ O corresvonds to the practical
case where the peak time constant RC(%t) poy = Tmax <X T is

mich smaller then the radietion burst width. When in addition, the
conductance g(t) << é‘" = & remeins alvays much less than the
()

value of the characteristic admittance, i.e., Rg(t) << 1, then
6



under these conditions, equation (5) is reduced to:

i) 2 [e(t) + v] [g(t) +§{‘] + ¢c(t) 3'%

for
Re(t) &« T and Rog{t) « 1.
(8)
Me condition Rg(t) €€ 1 is essential. Otherwise for Rg (1) =+ 1,

e have the physicel equivelent to an almost complete insulstion
breekdown of the dielectric, vhere the current is limited only by the
terminetion resistance R, and not controlled by the conductance of the
ceble insulation.

(t) Circuit time constent of same order of magnitude or larger
than radiation pulse duration:

Although the sbove specielization is of importance with
relation to the finel radietion resistivity of wires and cebles, a
solution of the general equation {5) is required, especially when the
peak time constant of the circuit is of the same order of megnitude as
the helf-width of the radiation burst. i.e. .

[Re(t)] .
In practice, this will he the case for actuel capacitors in the micro-
fared range rather than for lengihs of coaxial cables normally used in

radistion exposure experiments. The general soluiion of (5) is derived
as follows

de
th, LRI 2 RoE y(e) =gy { L)+ VI [ o) + 883

dt Re(t)
RS 33

)



This is an eguation in the form of

Ler@iw = 1@

which has (ev)

o +j'f°(t) dt

n integrating factor. This cgquation has an sasily recognizable solue-
tion when one notes that

gzceffo(t)dti(tD I ERCOLD TN NEAOLE "

oY
f_(t)dt f (t)dt
J° 1a)=jguu5° gt + K
whence (10)
-f£ (t)dt (£ (t)dt
i(e) =e§° [J‘f‘.(t)e ° -dt+l<].
(1c")



Now, the integration is carried out from t = 0 to t. Since we assume,
though have not previously stated, that a virgin cable with insulation
undamaged hefore the radiation pulse is the object of our consideration,

then at

t = 0, g(0) = 0, 1(0) = O and hence k = O;

the sclutions are

t
t t £ {t)dt
0 < TR ([ 1 a7y
[o]
(11)
where from equations (9) and (9')
£(8) = mur ¢t M %
(117)
£, (t) S [3{8‘ * i'g% R
(1111)



Ho_Noxmalization

The introduction of the following normalization into equations
(5) and (8) in connection with (6) greatly facilitates calculations.
These normalizations are given below. The index O refers to static
cable parameter, the index m to the maximum of the transient varisble.

2% . L.
Yo = m Cto’m H *m - gn ﬂm
e
-8 . . i W I
v = X3 RC, ~ Po 3 Re, = P o (12)

Physically Yo and Y, Tepresent the ratios of time constants to

burst duration involving the static and dynamic capacitance., The
speclalization for | Re(t)| << T represented by (8), with the sub~-
stitutions from (12), results in

i(x) = [emP"(x) + v] [g'P"(x) + acmg; P"(x)]

+e [Co + cmPn(x)] a g; P (x)

10



and since

n(F + x?
g; Pix) = & nfx+ ) = P n (=20

we have

i(x) = e [Pn(x)] 2 [gm + 2¢n (;" = ZX)]

+V., Pn(x) [gm + acn( - 2x)]

+ emPn(x) aC n (2 - 2X):] . (13)

For |V] > ey (13) reduces to

%éﬁl = y(x) = P(x) [1 + 0l %~ 2x) ]-

(13')

This corresponds to the experimental case where large bias voltages

ere applied (large compered to the induced EMF, i.e., |A] = 0 ).

The shapes of the corresponding normalized current responses, produced
by a radistion burst of the form P' (x) are plotted in Figure 4. This
figure shows quantitatively the influence of Ym on the location of
the current response peek. One may notie that the peak response occurs
before the burst pesk in full conformence with the experimental response
curves (See Figures 12 and 14). Another specialization of equation (13)



is the case for V = 0 {i.e, no battery bias voltage); this case results
in ’

:—ﬂ%ﬁ = y(x) = [P(x)]z[ le 2Ymn(§t'2 - 2")

+ P00 [ ynl 2 -],

(13" )

For n = 1 the shepes of the corresponding normalized current transient
responses are plotted in Figures5 and 6. for rositive end negative
dynemic copacitance. In both cases Yo 18 much smaller than |Ym| ,
i.e., the dynamic pealk capacitance exceeds 15% (See equaticnsS end '7)
of the static capacitance. One sees by comparison of FiguresS and 6 the
influence of the sign of Ym , vhich iIs elso that of the dynamic capac-
itance, The location of the zero crossing of .the response relative to
the location of the radiation burst peek is different in both cases.
Negative Ym makes the response zero crossing occur before the
radietion burst peak. This fact is a typical characteristic of the
transient recponse for V = 0, obteined experimentally (See Figure 1k4),
Apparently no experimental evidence exists so far for positive Ym .
Under the above condition V = 0 (See Evaluation examples 2 and 3).

The more general solution of the specialization | c(t)| LK T
applies vhen the @pn of the induced EMF and the battery bias
voltage V are of the same order of magnitude, i.e., |A| = |£9[: [

In this case we have

%é.:). = y(x) = [P"(x)] {[1 + 2P (x)] + n(y2- 2x)[ym(1 + 2P (x))

+ 1Al (13'11)

The shapes of the corresponding normalized current response transients
are plotted in Figure 7. The rediation burst shape 1s assumed with
P (x). The A  bas been chosen with € and -6 respectively (i.e.,

V= [e(t) ] end Va<[e(t) Tna)*

The influence of the reletive polarity of battery bias voltage is clearly
seen by comparison of the two curves of Figure 7. One may note the
similerity of the charascteristics of the theoretical and the correspond-
ing experimental curves (See Figure 1%, and example 3 of the evaluation).

12



Thus, the consistent similarity of the characteristics of the
experimental and theoretical respomse surves. clearly chows that lhe
specialization |Re(t)| << T , aad ihe reievant formias (137,
(13''), and (13'''). ars ammlinehia for guantitative evaluation of ob-
served transient nuclear radiation effects in terms of transient cable
parameters (dynemic capacitance , dynamic conductance, induced EMF). In
addition, the form factor n of the burst shape function can be deduced
by a comparison of experimentel with theoretical response curves (See
evaluation procedure and example 2 of evaluation).

Returning to equation (11), (11'), end (11'') end using the

normalizetions (12) one obtains the solution of the generel case as
follows

1« Rgm PP(x) [1 +y n(¥ = 2x})

O Rg [y, + v, F'(x)]
(1%)
PM(x) [1 + 2P (x)] [1 + vy n(ka~ 2x)]
v 14
f‘ (x) =a "R' [T + v Pn(x)] —
[ +] m
(14t)

From which we obtain

x 1+RgP(x) [1+ Y, n(‘,‘{z - 2x)]
- - - 8
e S

m

X PUx) [1 +2P™(x)] [1 +y.n(k - 2x)]
{ .rod" . [ Rg [rq + v P ()

1 +Rg P"(x) [1 +y.n(¥ - 2x)]
exp J'xdx - % 1} as

o Rg Ly, + YyP (x

13



This equation is the most general solution of the problem that defies
an exact analytic evaluation in a closed format, which is required if
[Rt:('t)]max » T. Because this cate may arise in practice with elther

cable or electronic components of large capacitance, a graphical solue
tion has been carried out¢ with the following numerical values

[Rg(t)]max LK1l ; RngO = uRCo = g-o = 0.5

2
i
[

qrm=0

Ial = [®]=0 (15)

A= 0 1is used because in many circuits large capacitances are employed
in a charged-up condition with higher voltages applied to them {e.g.,
D.C. blocking capacitors, filters, etc.). The graphical evaluation is
represented by Figure 8a and 8b, showing the various terms contributing
to the integral and the resultant solution y(x) (See Figure 7b)e
This evaluation proceeds as follows: A burst shape P'(x) is assumed;
equations (14) and (14') become with (15')

-d -
fo(x) = B, [1 + Rng‘ (x)J = B, [1 +Rg e x xg]

f‘ (x) = pOVP'(x) = Ve x
(1511)

14



and (15) becomes

8 M. . .
- ; d
) = o o J°L1 + Rg P (x)] ox

X B . 1
gﬂ I[P' (x) e o I[l Rgnp (x).] d’] dx ,
a Yo

(16)

The influence of the magnitude of Rgm on the exponential term of
equation (16) is given in Figure 8a. The approach

X

{01+ Rg P'(0)] ex & x
) m

for

Rgm <« 10
is obviously permissible because
P (x) < 0.51 .
For Rg’u > 10, the term
x
I [1 + Rg PY(x))dx
o m
rises essentially in conformance to the dose curve ®(x) of Figure 2 and
finally approaches x,

Pursuing the case,

Rgm < 10 »

15



equation (16) reduces to

-ds . g2
St 2 R [ f: f*zx XX N ]

(16')

for which the graphical solution appears in Figure 8b. For the mumericel

integration of g(y) = {"pt (x)dx Simpson's method wvas

Yo x
followed, while for the integration of § o e ¥*p? {x)dx , the
trapeze method ves used. The resulting response curve  y{x) heas

been transplotted from the semilog coordinate system of Figure & to
& linear coordinate system in Figure 9, scaled in amplitude for compari-
son with the original radietion burst shape. Attention is called to the
characteristic o¢ourrenceof the current transient response peak follow-
ing the radiation burst peak.

The graphical construction in Figure 8a and 8b reveals that other
epproximate solutions of equation (16) can be derived anamlytically for
the following specializations

B

;9- » 1 and Ry « 1 ,

5

" << 1 and Rgm €1 ,

fo
and all values of a where agm » 10,
B

In the case ;9'» 1, i.e., Rco LT the integrand term P (x)

B
varies only slightly as compared to e--g' X if Rg, <« 1 ,

Hence, P'(x) can be removed from the integral in equation (16).

The cbviocus result is

y(x) = P'(x)

(17)
16



which agrees with equation (13*) for Y, = 0 .

Thig case ig inelnded in Figure 2. Eguation 17 reflecte the situation

vhere cpne has a static time constant RCo <« T ,smaller than the

burst width,and a negligible dynamic capacitance, i.e., c(t) = Co

= const o Thus, the current is controlled by the conductance
g(t) » the time dependence of which is directly proportional to

the raediastion burst shape function P (x). This cese regarding the

direct meesurement of the radiation burst shape is potentiaslly im-
portant (Dose rate meter), and usually occurs with low impedence targets.

Conversely, in the case a_Q « 1 the enalytical approxi-
mation for the solution of equatia:{16) follows from e"g' X o 1 in
the interesting renge 0 € x €3 for Rgm X 1 .

This yields in (16)

p x B
y(x) = éﬂe--&x J‘op1(x) dx = ;Q_eu-q-x@(x).

(18)

The corresponding current transient responses are given in Pigure 10.
The integrating action of the circuit with RC o » T permits

the response pesk to occur long efter the radiation burst peak, with
subsequent pulse stretching by simple exponential decay. Current
response curves of this shape will be found in practice when large
capacitors kept ot higher voltage potentiml sre being irradiasted.
X
. Rg P! d
In the case vhere Rgm >» 10 the term yo S (x) dx

varies faster than x and can be muich greater than x in the range of
interest for x € 3.

T



Approximately, (1A) iz +hen

"Eﬂ 53 P *5ﬂ[xi'(x) Rg_dx
R A L

- B - x x
£ x ] -7:' f, P! (x)dx . %; f P! (x)dx ;

" A

thus
2 &cm
y(x) = Fa, .
Therefore,

1x) = Vvgylx) = * e

for

Rgm >» 10 ’

(29)

Equation (19) represents a spike-like t.ransient current arising from
a practically complete break-down of the insulation, long before the
radiation burst hes reached its peak. The peak amplitude ﬁY of

this current spike, is limited only by the termination resistance R.
1. Bvaluetion Procedures

In the preceding paragraph, the consistent conformance of the
characteristics of theoretical and experimentally obtained current
responses demonstrates the fundamental velidity of the theoretical
model.
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The guantitative evaluation of these irradiation effects in terms of
electrical circuit pasrameters, can be made, therefore, from this model.
The evaluation 1s, mathematically, a matching of experimental curves
with theoreticel curves that correspond to the formmlas set forth. The
matehing is done by teking k measurements on a response curve, thus
esteblishing k equations to cbtain & numerical solution for the k un-
knowns. Among the unknowns, there may be not only the electricel para-
meters, but also the nuclear radiation burst shape parameters n, a ,
or even the sbsolute time origin.

fhe following characteristics of the current response sre instru-
mental in the evaluation procedure: 1) location of response peaks
relative to the location of the redistion burst peak in an smplitude,
time diagram; 2) location of emplitude crossings of the time axis
relatlive to the locatlon of the radistion burst peak; 3) the slope at
such & zero crossing and/or the location of the maximum slope; L) ratio
of relative maximum and minimum, and their locetion on the time axis;
end 5) sbsolute magnitude of current response peaks.

In the sbsence of an gbsolutely complete simultanscus record of
the dose rate, certain cheracteristies of the radistion burst are instru-
mental in the evaluation, viz., 1) timing of the occurrence of the
radistion burst peak (dose rate peek) end 2) half-height width T or

some other suitable measure to be used for the duration of the radistion
burst.

a) Evaluastion procedure feor larae bettery bias veltage for

IXI -0 i.e4 IVI P2 Qm

follows from setting the derivative of (13') to zero which gives

gii = P™(x) {n ( i? - 2x1> [1 +y.n (:lc': - Zx‘)]— 2rn (:lt? + 1)} = 0,

This ylelds the relation between the location x
response and

C'i'i- 2x> 12 (20)

L]

Tn® ATy + 1) - Ay - )2 2F D -0 -zt
. | 1 1

4 of the peak of the
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The evaluetion of Yy from the relative location of the response

peak x, is most practical 1f zero crossings are buried in noise, or are
80 flat that their location cannot be precisely measured; otherwise,

T could be reedily found from the zero crossing et x, in (13')
by
- 1
Yy = .
n{2x - i7)
)
(20')

Both x, and xo are measured in fractions, or multiples of the time of
occurrence of the radistion burst peak normalized to X = 0.8

(See Equation 7). Substitution of Y, 1into (13') at X, gives

the peak value y(x‘) « From the measured peak current
1(::1 ) and the known bias voltage V,

(20t')
is found, so that, in turn from y, in accordance with (12)
= Gt 2
m ) ] Vy x‘)
(20n|)

can be obtained.
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a 1s glven by the known burst half-height width. In the casz of

& burst shape, conforming for exsmple to P' (x), we have

Now all parameters are numerically eveluated.

b) Evelustion procedure for zero battery bias voltage, i.e.,

V = 0 follows from (13''). Seversl methods are practicable.
1) For a known burst shape, two equations for the two unknowns
Ym and Yo , can be derived by using normelized peek

and zero crossing time of the response. The current peak amplitude
gives, with the found Y and Yo 5 the third equation

for the unknown e ]

&P,

0 yi{x,) =0
g (21)

Yo [4n(k = 2x )2 = dn(ky + )] PMx )+, [n2(Es = 20)? <2n(dy + 1]
1 1
= -P"(x1) 2n (f2 - 2%)
1
Tm [Zn (31(: = 2"0)] pn(xo) Y [:n (5‘% - 2%) ] = .Pn(xo)'

(221)

Here, ss sbove, x and x, are the observed peek and zero crossing
locations, respect‘ively, measured in fractions or miltiples of the time

a1



of occurrence of the radiation burst pesk normalized to Xy = 0.8.
The actual peek conductance and dy'namic peel% capacitance are then readily

cbtained from (12) e.g., the ratio Tp = gives C
since Co 18 known, end o To follom from v with
9 = ;C;Q , Where, as before, a4 = Qﬁﬁ' for a burst
shape described by F' (x).
The magnltude of e is then found by substituting the values for

Yo and Yo into the eguation (13") at X s thus,
forming the value y(x‘) . With the messured peak current 1(x‘ ) and
the elready known I » one finds the factor e of the
induced EMF

i(x )

2) For an unknown burst shape parameter n, three equations for the
three unknowns Ny Yu! Yo can be derived by using normalized

times of two peaks and one zero crossing. Similerly, as before, the
current pesk response yields with the n, Yao? Yo a fourth

equation for the unknown ey ° This method is used in the numeri-
cal example given in the following paragraph.
e

cz Evaluation procedure for V £ 0 and unknown A = "9

For a known radiation burst shepe, three equations for
Ym? Yo? .8 can be established using normslized times of two peaks

snd one zero crossing, analogous to a and b sbove.

d! Evaluation procedure of records without similteanecus reference
timing osimetry.

This problem can be solved as indicated below:

In rrinciple, the transient current response versus recorded time
t', 1s sufficient to solve for both transient electrical cable paresmeters,
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as well as the radlstion burst shape parameters. The Lwacel* vesnonses
obtained with the zero bias voltage are best suited for this purpose
because of their many significant characteristics. There are the well
distinguished maxima, minima, slopes, and zerc crossings.

If in practice, recoxrding time count t' =t + 8 1is started
with the ectivation of the mechanicsal reactor control mechanism, then
accounts for the time delsy between this mechanicel activation and the
actual start of the fission process, from which the eveluation reference
time t is counted. The unknown values of the six parameters
en? Sp? Gy ™ @ 3 could then be solved for by forming with the relation

{13'1) six equations corresponding to the following measured characteristics
of the current responset

Recorded time of zero crossings: tt 3 i(e') = 0.

Slope angle 9 in the zero crossing, i.e., ( g%,) = tan L
R -}
o

Recorded time of maximum snd minimum t:, t!
2
and associated current amplitudes i‘, i.
2

Recorded time for helf meximwm snd hslf minimum amplitudes t;, t; .

It is obvious that the numerical solutions will be very tedious.
However, they will give value to experimentel data which have been
cbtained without concurrent reference time sceling dosimetry, or where
the dosimeter performance was doubtful. Therefore, it is possible to ex=
change experimental simplicity for analytical difficulty in the evaluation.
To avoid this however, it is strongly emphasized that the reference time is
obtained from a dose-rate meter. .

In connection with the use of & dose-rate meter for reference
time indicstion, the cese of y &< v, <K 1 for [V &< ¢

becomes extremely impertent. ZEgquation (13") reduces under this eondition
)

v 2 [FPw]

which has its peak at xg 2 08 , but has a width that is narrower
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than thet of the ectusl rmdiation burst P® (x). Inferring thet a dose
rate meter has an equivalent electrical circult similar to Pigure 1 with

Yo K Ty <1 , then , the half~height width of the output
current response from the dose rate meter would be narrower than the
helf-height width of the actual burst shape; i.e., the recorded rate
meter readings were not directly proportional to the actual radiation
burst but were proportional to its sguare. Thus, the normalized half-
height width appears equal to 0.6, instead 0.85.

J. Examples ¥or Numerical Evaluation

1. Recorded Burst 12 (response labeled (22) ) Figure 1%
Battery bias voltage V=225 volts
Distence from source .97 feet (25 cm)
Radiation burst half=-height width T=70 microseconds

Burst pesk recorded st 15 mm from origin of the time
scale used in Figure 1%

Voltege response pesk at 11.5 mm from the origin of
time record with 3m V on 75 ohms, i.e.

-’
11 = 4.10 amp.

Applicedle formilee: (13') end P'(x) = ol +x3)

then

00 = P [1 0 me - 20] e {0

2k



and equation (20)

’1‘7— 2::‘

b 1

Yo = 2(3 +1) -n(}; - »’2::1)z
1 1

Noting thet the burst peak occurs st

¥x@p = at = 0+8

and 15mm ¢ llo5mm = 008 ¢ x‘ ,
the burst peak occurs at normalized time
. Al =
x1 - 15 0'8 - 0061 [ ]

Consequently, we obtain

acé
Y, = 72.@ = = dedb o _ D
B 204ed + 1) =n(2.66 =1,22)2 10,8 = 2,080 - g

—_l . = T = 225 [§!§]"
(), min = ylx)eeos (@)

T

n
% max - cmfP(o.B)] = [ry(@)] {fmin(nl) ] l&x(n}] )
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The evalustion results in the following

TABLZ 1

n 1 2 3
Yo 0.165 0.217 0.31

(0.61) 1.02 1.12 1.
Y F (55)2 - I

(M) Tmin 5.75 €.25 7.5

Note (1)

Ax 0.85 0.6 0.45

(prF) ci néx +2.36 44 +6.5

FOTE: (1) Ax is the half-height width (in normalized time) of
P8 (x) the redistion burst shape function. C, max the maximm

dynamic capacitence u‘,. .= 1 the minimm insulation

wdll
[g(t)] mex
resistance.

The normel static capscitance of the RG-59/U cable used in the
experiment is listed with 21 micro-microfarad per foot, i.e., the 28'
irradiated cable has & virgin capacitance C; = 590 uuF. The results
show thet the nuclear irradistion burst produced g maximum trensient
change of capacitance of sbout + 1 %. Hence, relastive to the
virgin transconductance value of 10™° mhos per meter for cables of

this type at radio frequencies, the radiation burst produced ebout a
sixteen-fold transient increease of the transconductance.

Example 2
Recorded Burst 8 (response 18, Fig 1h4)
V = 0 (no battery in the circuit)
Distance from source .97 feet (25cm)
Radiation burst helf-width T = T0 miecroseconds

Recorded voltage response charscteristics:



Voltage amplitude on
75

Location of Units ( h
Burst peek 12
Response minimum 9.6 (second peek) 1.3mV

Response zero crossing 7.5

Response Maximum 6 (first pesk) .MAnV

Appliceble formula (13")

gn-gi = v0d =PRI D1+ 2vn (30 = 2] g P00 [ B2 - 2]

In normalized time,

x = f_z.g 0.8 = 0.k Iocation of first peek

x =12 0.8 = 0.5 location of zero crossing
o 12

X = _9__6_ 0.8 = 0.64 second peak
2 12
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a
. . Rra. o) = Q2d
2

1= 166 3 b+l 482 FO6) = (g‘f%)n
i-,-Zxo = 3 ; Pn(005) = (%:.gl.)“
at

vields

C%f) = P {PP(x)2n(ie = 2¢) = (G + 1) (20 P(x) + v, ]
1’1

+n?( &2 - 2x) [I.YmP"(x) + Y] }x x = O
12

One obtains from the first peak,

0 = [0.06]" 10.74 + Yo (290 = 33.2) + [0,06]%, (116n - 66.4);

from the second peak,

0 = [00136]n 2.3 « 70(10331'! - 906‘) + [00136]n Ym(5o32n - 19028)}
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and from the zero crossing,

0 = [0.096"[14¢ nr,] + O

The above can be brought into the form from the first peak,

0 = [0.06]" » ¥, (2070 = 3.06)+ [0.081" [10.8n - £.12] «

from zero crossing,

0 = [0.096]" + ¥ 3n + [0.096]" éoy_

from second peak,

0 = [0.136)" 4 v (0.58n = 442) + [0.136]" [2.31n ~ 5.2] ¥,

representing three equations for the unknowns nj T and Yo*

The occurrence of exponentials of n in these three equations makes it
difficult to arrive at a direct solution. Hence, an approximate solution
is presented which was arxrived at by finding through graphical trial a
value of n which produces a coincidence of two of the three equations.
Toward this end, n is tried as being equal to 1, 2, and 3, and the
relations vy = 1bérm) are plotted graphically, representing straight
lines.



Nemely for n = 1

for

-+ [0006]‘ [3.3 * 15.4?"”) = % 00925 [0021L * Ym]

- [0.096] [0.33 + 27,] = =~ 1.92 [0.166 + %)

+ [0.136]" [0.276 = 137y, ] = + 0.182 [0.2 - x,]

- [0.06]2 [0.416 + 6:43y,] = = 0.0232 [0.065 » ym]

= [0:096]* [0.166 + 2y ] = =0.0184 [0.083 + ',

+ [0.136]2 [0.33 - 0.58y,] = +0.0108 [0.57 - Y]



i
w

for n

- [0.06]® [0.196 + 5.1y, ] = = 1077 1.07 [0.0386 + ]

ot
]

- [0.096]3 [0.111 + 2y ] = - 107 1,76 [0:055 + ¥, ]

o—C
[}

+ [0.136]3 [0.46 + 0.7y, ] = + 1072 1,75 [0.65 + v, ].

ot
]

A comparative inspection of the relations for n = 1, shows that because

of the si?n conditions no coincidence exists. Hence, only the relations
Yo = v,(y) for n=2 and n=3  have been plotted in
Figure 11,

One comes closest to coincidence for n= 2 as the plot demonstrates.
Thus, the burst shape parameter n 1Is approximately equal to 2, and the
normalized half=-height width is with (7') equal to 0.6,

From the plot, the values for v, and Y, 2%e found to be

aC aC
’fm='g;m = - 0,107 ?O = # = <+ 0,075 .

The capacitance of the RG=39/U cable is listed with 21 micro-microfarads
per foots Thus, the 28' tested have a capacitance of

Co = 590 ‘"‘Fn
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From Y, » as aoove, ‘l‘2 for experiment (70 psec) and

= ‘[ﬁlma- = %U-g = 0.85,10"% sec”'.
2

It follows then that

g, = wuo.ms = 6.7 x10°% ¢

[0y ey = T = 9, [P2001 = g (0.151)7 = 1.53 x 107 ™

and ,therefore,

b 4 = 0065 MQ
..} 5 T

On the other hand

c Y,
A . n ~Qulo7
CO = ‘ro = 00075 = 1.425

so that,
(e (#)] ¢_(0.151)2
w - -L—__ - - - - ° .
co = co . = 0.037 1090, [31]mx = ( 3.7 /0) of CO

32



The value of em follows by substituting the Ym ? To in
equation (13%1)

-3
g = T o 0,95 x 207 = 9.5 pamp

v(x‘) = [0.06]% [1 = 2 (0.107).2(5.37)]

+ [0.06]% [2(0.075) (5.37)]

= [0.06]% {0.8 = 1.3 (0.0036)}

-

=29 x (1073 =

[Te}
8

em
e = ——--(——;5—1' = — 2 50 Volt
m gm209 10' 710 oJe -’) =

[e(t)]m” = o (0.151)* = 50 (0.151)* = 1.14 Volt,

The conclusions drawn from the above results arst 1) the underlying
nuclear radiation burst shape is closely approximated by a function

P2 (x) ~2UEt + (b))
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where

e 2 8,5x 107 sec™t

2) The radistion burst produced a relstive meximum transient change

of cepecitance of -3.7T%, and brought the transconductance to s peak

of about 1.6 x 10~7 mhos per meter (approximately a 160-fold peak
increase from a typical normal 10~ % mhos/meter at RF). 3) The

nuclear irradistion csused the creation of a transient electricsl charge
distribution in the insulation space, effecting & transient potentiel
difference between inner and outer conductor which reached a pesk of
gbout one volt.

Example 3.

In this example, the records from burst 13 and 3, and subseguently
burst 10 and 12 [response curves labeled (17) and (20); (21) and (22) ]
are analyzed in & comparative manner on the basis of the numericel
results of examples 1 and 2. First, response (17) was obtained with
V = =46.5 volts while response (20) needed V = + L5.5 volts bias.
Note, that the result in Example 2 was ep = 50 volts, n = 2. In
accordance with peragraph I(c) we use the result of Example 2, for
which V = 0. .

Therefore,
| 1.1
v = )t - %8:; - - od
and
=
&= 2= 22:3- = + 1.1
since
I (PR ], = [1.1] (0151)* « 1
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The following approximation of {13'!') is valid

o y(x) = P¥(x) {1 +2 (fa-2x) [y + KVbJ} .

m
(22)

Further, from Example 2, we obtaln

¥y, == 0,107 Y, = ¢ 0.075
hence, for

A= -1 y(x) = Px) {1 - 2(f, = 2x) (0.19)}
and for

A o= 4 1. y(x) = P3(x) { 1= 20k = 2x) (0.024)}-

The influence of the sign of A (i.e., polarity of V) is remarkable
for

\ = = 1.l y(x) = P(x) = 0.19 ¥ P(x)
and for

'\ + 1.1 y(x) = P¥(x) = 0.02% g! P3{x) -
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Thus, the differentiaztion action of the second term 1s .coughly *on
times more pronounced for A = -~ l.l than for A\ = + le1 in full
conformance to the character of the shape of the responses (17) and
(20)e The zero crozsinns in normalized time are obtained from
y(xo) = 0 at approximately x, = 0.22 for A = + 1.1 and x, = 0.53

(for A = = 1.1) before burst peak time, Hence, it is definitely
established that response (17) represents the situation where induced
nuclear EMF and bias voltage are of opposite polarity, while response

(20) reflects the existence of equal polarity of nuclear EMF and bias
voltage. What is more important in both cases is that the dynamic cap=
acitance represented by Yy, »Was negative but larger than Y, ° Therefore,

in spite of the polarity change of V, the peak of responses(17) and (20)
are recorded with the same polarity (recorded positive).

The subsequent experimental increase in bias voltage of the same
polarity for the shots which led to response (21) and (22),made the
dynamic capacitance change sign, i.e., Yy, positive, while at the same time

% < O eliminates the influence of Y ¢ For these cases, the approximate

equation (22) becomes equivalent to equation (13'). Thus, with a positive
Yy ? the response peaks are now recorded as being negative, even though

the polarity of V remained unchanged going from (20) to (21) to (22).
Essentially the same result would have been obtained if (13'') would have
been used directly and solved for A, ¥y and Y, in accordance with

paragraph 1(¢).
CONCLUSIONS

The discussed model has proved to be rhenomenologically consistent
with the experimental evidence. It is capable of quantifying electrical
transient effects produced by nuclear bursts in transmission lines, and
electrical components in terms of their transient electrical parameters.
It is now possible to correlate consistently the natural electrical para=-
meters of the cable with their radiation produced transients. The method
pexmits one to differentiate between dynamic capacitance, dynamic trans-
conductance, and induced EMF. Further, the comparison between theoretical
and experimental transient responses has proven the initial assumption
of direct proportionality between radiation burst shape and variation of
electrical parameters, This radiation burst shape can be closely approx=
imated by a function of the type

Fan) = T (@07]

where

a = 8.5 x 10? sec

under the given experimental circumstances.
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The wagniwuds 2f thi rozk dvmamie renaritapes AF 4he I gdiaten
RG-59/U cable is only a few percent of the virgin capacitance of the
cable. This dynamic capacitance is negative if zero or low bias battery
voltages are being applied to the eable. For battery bias voltage larger
than 50 volts, the dynamie capaecitance is positive. The change of sign
of the dynamic capacitance with increasing bias voltage of fixed polarity
manifests itself by the inversion of the current response peak from
recorded positive to recorded negative. The peak transconductance reaches
values around 16 x 10™° mhos per meter with large blas voltages applied
to the cable. In the latter case, the output current response 1s in
effect produced by an induced transient EMF of about 1 Volt peak.

The comparison of experimental circumstances under which an induced
EMF and a dynamic capacitance are cbserved, versus other experimental
circumstances in which only a complex impedance change is ohserved,
suggests the phenomena similarly encountered in diodes. There, the velocity
distribution of the electrons emitted from the cathode influences the
potential distribution, especlally at zero or low external bias voltages
where a potential valley is created that prevents slower electrons from
reaching the other electrode. Geometry and material both enter into
the shape of this potential distribution which manifests itself as a
thexmionic EMF between the electrodes. A similar mechanism is suggested
for the induced EMF and the negative dynamic capacitance,with the irrad-
fated inner ard outer conductor acting as electron sources. Geometry,
and observed polarity of the induced EMF, should in this case be correlated,
and further experimental work should be conducted to uncover such a corre~
lation in different types of cables and other electronic components.

It has been further demonstrated that the time constants of the
circult, including target, cable, and terminations, play an important
role. If the time constant of the target is small (low impedance targets),
then for proper termination cable effects become negligibles On the other
hand, it becomes difficult to separate target effects from cable and
termination effects, if the time constants are of the same order of mag=
nitude. These effects show up in terms of a differentiation or integration
of the original radiation pulse shapes Thus, in the first case
(differentiation), the response peaks occur before the burst peak, while
in the second case {integration), they occur after the burst peak.
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Fig. 1. Equivalent Circuilt:

7 4
ct) 5 /| 9 =

N

S

.Capacitance

clH)-C+a?)
)

57(7). W w e s e s s+ e « s JConguctance of the Insulation
et). ... ... .. ... ... .Nuclear EMF
V. .. ... .. ........ .Battery Bias Voltage

6+ « o o+ o s & s+ + & « « o+ JDynamic capacitance

| F- Zo. - v ¢ o 4 + e« o o « 2+ « Characteristic Impedance
) « « o o o .« v v v« . . . .Total Current
. . o .. . .. - <. ... .. . Time
Mdelt), . .., . ....... .Voltage on e(t)

NOTE: e(t) may deduct or add to V, dependent on

relative polarity.
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CURRENT RESPONSE (normahzed sccla) RADIATION BURST SHAPE
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ARRENRUM

After completion of this repart 2 seminar on radiation effects was
held at the U.S. Armmy Electronics Research and Development Laborat ory,
Fort Monmouth, New Jersey.

It was requested at this seminar, that the values of the dynamic
cable parameters which were obtained from the response curves of
Figure 12, with the dose rate values of Table II and Table 1II of
Ref. 2, be correlated with the dosimetry data, This evaluation is
carried out helow ueing the procedurees of Example 1 and the burst shape
parsmeter n = 2; previously obtalned with Example 2 of the text. . Combining
the characteristics of the response curves (2) and (6) of Figure 12 with
the dosimetry data of Table II of Ref, 2, the following table can be
arrangeds
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Teble JI - Ref. &

Fig. 12

Position
Number

Avgz. Specimen
Distance from
Kukls Center
in Inches *

12.3

29.8

b7

101.5

Normalized
Gamms Intensity Time of Pesk gak
Relative to Response Response X, Current
Position I Number Relative to' Response
Average Ratic Burst Peak- RA
X, = 0.8
l.oo l -- . -
9 . S.6nV
i _ 4a20V
al _ Se20V
0.083 Lo 0.84g=0.73 AEM = 29
A0 _ deomy
0.069 5 0.8 93 = 0.66 750 = 20
. . Lény _
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Formalas (13') (20) (20") and (20''!') with T, = 70 -microseconds in connec-
tion with formula (7'), are appliceble to responses (2) to (6) of Fig. 12.
From these formulas we obtain with (V) = L46.5 Volts ‘

Position
of
Response i y(x1) [g(1) ]max min [¢~‘ (tnmax
2 0.097 IZJZF 1.6 x 1076 046 17
3 0.089 %é'f%'fz 1.26 x 1076 0.8 13
L 0.058 WAL 0.62 x 107% 1.58 4.3
5 0.089 %z 0uld x 1078  2.26 b.6
6 0.058 EIZI’ 0:46 x 1078 2.2 3.1

These results are now arranged with the corresponding Gamme pesk
rates using Teble II Ref. 2 snd Table III. With Burst 13 yielding a
peak rate of 3.8 x 10€ r/sec in position 1, the following correspondence
teble for Distance, Peak Gamma Rate, snd Dynamic Resistence and Capaci-
tance of the Ceble Specimen is obtained.
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nuspunse Average Feak Minimum Maximum

or Gamma Rate Dynamic Dynamic
Forition  Mulamcesl i 0t yjeec Serlzance Gamclianee

2 2.8 0.9 0.66 17

3 47.7 0.53 0.8 13

4 65.6 0.315 1.58 be3

5 8345 0.26 2426 beb

6 101.5 D.25 2.2 3el

(% are approximately those shown on Fig.12)

The plots of minimum dynamic resistance {shown by data points marked
x) and maximum dynamic capacitance(shown by data points marked ()
versus distance and average pesk gamma rate are shown below:

The trends are seen very clearly.

linear dependence of dynamic

conductance and capacitance from the gamma rate [case |V]| >> e
for respm ses (2) to (6) of Fig 12] is valid.

x ¥
— - ‘ L.20.
; B ____f__ b x l_
Tnin / ¢, max
; '
a (mg) % (u#f) 10
- x T T
$ - - S
x .
W o o —— »-/- — T—
l-o‘s ) : T - 5
; e e L
, S C
B3 e,
: -+ I = o
o SRR = N
Inches. fromikukla |
RS
2%) : 5? ' i 10(0
S A S A R N
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